Abstract-A novel nondestructive failure analysis technique to rapidly locate tiny voids in narrow metallization line covered with passivation is proposed, based on the simulation results. In this technique, the current alteration in a metal line under study is recorded continuously when it is subjected to electron beam shining and biased by a small external voltage. Finite-element analysis is performed to simulate the temperature distribution and current alteration in the metal line. The electron-beam heating is demonstrated as the most important factor contributing to the current alteration. Reconstruction of voids with any shape (such as wedge or slit) is possible on the basis of the gradient of the current alteration. It is found that the minimum detectable void size can be as low as 50 nm. Experimental verification of the technique is underway.
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I. INTRODUCTION
M ETAL interconnection in ULSI generally contains voids [1] - [3] . These voids can be due to processing [4] or stress migration [5] . This is particularly significant when the metal line width becomes less than 1 m due to stress relief [6] . Voids can also be formed due to electromigration [7] when the device is operating for some time or under reliability test.
Although the void sizes can be very small, they can act as precursors for larger successors. For example, the presence of voids could enhance electromigration, making the device less reliable [8] . Hence, it is necessary to detect tiny voids on metal lines even before shipment, and scanning electron microanalysis to detect voids is becoming common in wafer fabrication plants.
The present method to detect voids on Al metal lines is through manual inspection under scanning electron microscopy (SEM), and it is inefficient if the metal line is long. Also, the manual inspection method cannot be applied to Cu metal lines because the passivation layer on top of the Cu metal lines is about 700 nm, thus, no secondary or backscattering electron image can be formed for the metal line. The passivation layer cannot be removed as Cu is easily oxidized.
Much research has been done to effectively detect voids on metal interconnects. is too large to be appropriate when the metal line width can go below 0.25 m [15] . Some methods can provide good detectivity, but may cause damage or defects in the scanned sample [10] , [11] . As we enter into the deep-submicron era, a nondestructive technique to detect very small voids (as small as 50 nm) is necessary. In order to meet the need, we have developed a method based on the principle of electron-beam heating. The concept of using spot heating to detect voids was originally proposed by Nikawa et al. [14] . In their method, called optical-beam induced resistance change (OBIRCH), a laser beam with specific wavelength is used to spot heat a metal line. Heat transmission is supposed to be impeded when it encounters voids, as compared with its free transmission in void-free regions. Hence, when the laser beam is incident on regions with and without voids underneath, a difference in the increase in temperature of the metal line will be observed. This difference can be reflected as a difference in the change of resistance for the two regions, which can be used to modulate the CRT display in the form of brightness changes.
However, the laser beam can only heat the surface of the passivated metal line. It is expected that a void could be detected when the void is below the surface. When the voids are at the surface, as is usually the case for Cu metallization [24] , the detectability will be low because the effect of heat blocking caused by the void no longer exists. Furthermore, the resolution of the OBIRCH is limited to half the wavelength of the laser light frequency.
Besides the above-mentioned limitation of the laser-beam method, the radiation damage on copper due to the laser could be serious if the laser-beam intensity is too high. It was found that the measured damage threshold values for polished copper range from 10.1 J/cm for a pulse duration of 1.7 ns to 67 J/cm for a pulse duration of 58 ns [25] . The corresponding laser intensity thresholds are 6 GW/cm and 1.1 GW/cm for pulse durations of 1.7 and 58 ns, respectively. A lower damage threshold will result if the pulse duration is prolonged [26] . For good void detectability using laser-beam heating, longer pulse duration and higher laser beam intensity will be necessary, and this could cause damage to the metal line under investigation.
To overcome the limitations of OBIRCH, we used an electron beam (EB) instead of a laser beam as the heating source. The diameter of the EB is small and controllable with the electromagnetic lens in the SEM column. The accelerating voltage of a conventional JEOL SEM is up to 30 kV [27] . With this accelerating voltage, the EB has sufficient energy to penetrate through the passivation layer and reach the covered metal line, as shown by the Monte Carlo simulation.
Also, as the EB energy is much lower than 120 keV, which was employed by high-energy electron-beam method [10] , [ the possibility of radiation damage or defects in the testing structure during examination is much less. It has been reported [28] that the threshold electron energy for causing displacements in metals is of the order of a few hundred keV, depending on atomic number and the orientation of the specimen with respect to the EB. In copper, for example, this threshold is about 400 keV at the orientation. In our case, the primary electrons are 30 keV, which is much lower than the threshold voltage, hence, the radiation damage due to the EB in our case can be ignored.
When the EB is incident on a specimen, electrons will penetrate into the specimen and interact with the solid. Due to inelastic scattering of the incident electrons in the solid, they will lose their energy, which will be converted into heat. This amount of energy is expected to be about 40%-80% of the incident electron energy [29] . Therefore, energy absorption takes place within the solid-beam interaction volume (SBIV), not just at the surface of the metal line, as in the case of OBIRCH. If a void in the metal line is within the SBIV, the energy absorption will be less. Such information could be utilized to detect the void.
Various investigations, including experimental [30] , [31] and numerical [32] analyses, show that an increase in specimen temperature indeed occurs when an EB is focused on a specimen during transmission electron microscopy analysis. The resultant temperature rise was found to be directly proportional to the EB flux and the density of the specimen and inversely proportional to the thermal conductivity of the specimen. Beam current is demonstrated experimentally as the major factor controlling the temperature rise [33] . Therefore, the EB can indeed be used as the spot heating source.
In Section II, a detailed description of the principle of the technique is given. Section III describes the model formulation for the simulation. A square void was used to illustrate the physics and simulation. In Section IV, the numerical results on a metal line with a square void are given. The proposed methodology is then applied to the wedge and slit voids as they are usually observed in electromigration failures. Finally, the conclusion is given in Section V.
II. PRINCIPLE OF THE TECHNIQUE
When an EB is incident on a metal line, some incident electrons will be absorbed by the metal line, and they constitute a current flow through the metal line [22] ; some will be converted into heat through inelastic collision in the material [29] .
The additional current flow due to the incident EB was utilized by Smith et al. [22] for the detection of open-and shortcircuited paths, where abrupt resistance changes are present. This detection method is called resistive contrast imaging (RCI). However, it is not suitable for void detection because no abrupt resistance change exists.
When a void is present at the spot where the EB is incident, the heating effect by the EB will be altered due to uneven heat absorption and the impedance to thermal transmission. The amount of additional current flow due to incident EB will also be altered when there is a void. Hence, if the information of the additional current flow and the temperature rise due to EB heating can be extracted, the detection of a void can be obtained.
To extract this information, a constant voltage is applied across the metal line, and the current through the metal line is measured. Due to the alternation of the additional current flow and EB heating, the current will be different if a void is present. Hence, if the measured current can be used to form an image, the presence of a void can be observed. However, when a current flows through the metal line, joule heating will also heat up the metal line, which will cause the resistance of the metal line to change as well, and this must be taken into account.
To provide a detailed qualitative analysis on this principle, we assume a rectangular void in a metal line. Fig. 1 illustrates schematically the scanning of an EB across the void with size from the left (A) to the right (F) in the direction. The cor- responding SBIV is represented by open circles. Although the SBIV will be altered depending on the proximity of the EB to a void, such information cannot be obtained from the present Monte Carlo simulation. Hence, for simplicity, the SBIV is assumed to be constant in this paper. The effect of the changing SBIV on the void reconstruction will be presented in future work.
In the case of a metal line without EB heating (EBH), let be the current flows through the metal line and be the resistance of the metal line. Then we have the voltage across the metal line . In the case with EBH, we have . As the interconnection is usually long, and only a small portion of it is heated up by EBH, we can assume . With some mathematical manipulation, we have (1) Therefore, one can see that is proportional to the resistance change . But (2) where is resistivity change caused by temperature change (i.e., EBH) where and are length and cross-section area of the affected volume, respectively. The electrical resistivity of Cu could be estimated as a linear function of temperature [34] as follows: (3) where is a positive constant which can be obtained from Schuster et al. [34] . Hence, we have (4) The temperature change due to EBH around a void is attributed to two factors, namely, the amount of energy absorption and the impedance of heat transmission. If the due to the former is denoted as , and that due to the latter is denoted as , then the total change in temperature is given by
For the case of , consider Phase 2 in Fig. 1 . As the SBIV continuously enters into a void region, the intersection area between the SBIV and void, as shown in Fig. 2 , can be expressed as (6) where (7) If (6) is plotted as in terms of , it can be seen that for a given the area could be approximated as a linear function of . Hence, (6) can be written as (8) with . As the SBIV continuously enters into the void region, the intersection area will increase, thus, the absorbed energy will decrease continuously. To simplify the qualitative analysis, the absorbed energy can be considered to be proportional to the area , thus, can be estimated as a linear function of EB location as follows: (9) where and are constant. Note that since the absorbed energy decreases with an increase in . According to thermodynamic theory (10) where is the specific heat of the metal line. Hence, combining (9) and (10), we have (11) Combining (1)- (4) and (11), we get the current change due to as follows:
The gradient of with respect to is then (13) It is clear that since and the other constants are positive. This means that the current change due to energy absorption will increase linearly as SBIV continuously enters into a void. On the other hand, the heat dissipation around a void will be slower due to the low thermal conductivity of a void, as it is assumed to be vacuum within. It is expected that such heat transmission impedance will be higher when the EB is approaching the void. Following the approach in heat absorption, we can assume that the temperature change due to the impedance of heat transmission as a linear function of beam location as (14) where and are constants. In this case, since increases as increases.
Similarly, we can obtain the current change due to (15) and its gradient with respect to is (16) In this equation, since , it is interesting to find that . Hence, the current change due to heat transmission impedance will decrease linearly when the EB is approaching the void.
Since there is a change in gradient of as the beam is scanning across the voids, one could use the information to locate the void using the principle of EBH. In order to verify the principle, simulation is performed using finite element analysis (ANSYS, version 5.6). The additional current flow and amount of EB heating is determined by the EB trajectory, which is obtained from Monte Carlo simulation. The formulation of the simulation will be discussed in Section III. Fig. 3 shows schematically the cross-sectional view of the model to be used in the simulation. Although in actual Cu metallization system, a cap layer of silicon nitride (Si N ) exists on top of the Cu line, we do not include this layer because the EB penetration through silicon oxide and nitride are similar, as shown in Fig. 4 , and the computation can be simplified if we consider only a single passivation material.
III. FINITE-ELEMENT MODELING

A. Model Description
The width of the embedded metal line is 1 m and its thickness is 0.5 m. The primary EB is assumed to be scanning over the top surface of the structure.
As the purpose of the simulation is to study the EB and joule heating effects for metal lines with and without voids, computation time can be reduced if only a portion of the structure is simulated. However, the portion must be large enough that the thermal field will not be affected by the boundary of the structure. Following Beaudoin et al. [35] , the portion of the structure for simulation in this work is set at 10 m wide by 60 m long.
Electrical circuit analysis is performed using the three-dimensional eight-node element type SOLID5 [36] . Fig. 5 shows the finite element mesh for the case where void is present in the metal line. The void size is assumed to be 0.4 m 0.4 m 0.5 m. A fine mesh was adapted around the void so as to obtain detailed temperature distribution there. However, the other location was meshed coarser to reduce computational time. The fine mesh is chosen so that no appreciable changes in the contours of temperature distribution around the void will result if further refinements in mesh resolution are taken.
A reduction of element size by half of that shown in Fig. 5 leads to the difference in temperature distribution of less than 0.1% and that for the current distribution of less than 0.03%. On the other hand, the computational time is increased by more than 6 times with the reduction of the mesh size. Hence, the mesh size shown in Fig. 5 is used in this work.
The scanning speed of the EB assumed in the modeling is about 0.1 m/s. This scanning speed corresponds to a 1024 768 pixels frame (17-in monitor) scanning time of 2 s when the magnification is 1500. The accelerating voltage of the incident EB is 30 keV. It is noted that the fastest scanning speed of the JEOL JSM-5900LV SEM is 0.19 s/frame and the slowest one is 160 s/frame [37] .
According to (1) , it is desirable to apply higher biasing voltage to the metal line so as to improve the current signal . However, in order to ensure that the current density in the metal line is not so high as to cause damage, 0.09-V biasing voltage is applied on the metal line in the modeling. This will result in a current density of about 9 10 A/cm through the copper metal line with a resistance of 1.7 cm [38] . It has been proven that the application of such current density over a short period is not destructive at room temperature [14] .
During the scanning process, the EB is perpendicular to the length-width ( -) plane of the metal line (Fig. 6) . To assist the description of the beam movement, a dashed-line grid is added around the void in Fig. 6 . Each element of the grid is a 0.1 m 0.1 m square. The EB is assumed to move along the grid from the starting point [node ( 1.0, 0)] to the successive nodes, horizontally, as indicated by the block arrows. After the EB reaches node (1.0, 0), it moves to node ( 1.0, 0.1) and shifts horizontally again. The process repeats until the EB reaches the ending point [node ] . It takes 1 s for the EB to move from one node to the successive one, which is calculated from the scanning speed of the EB (0.1 m/s) as mentioned earlier. Considering the symmetrical geometry of the metal line, only the region from to m is simulated. In the modeling, the dynamic temperature change in the metal line is included. The change of temperature of the spot of the metal line where the EB is incident on is shown in Fig. 7 . This temperature profile will be used in the calculation of the and in this paper.
B. Temperature-Dependent Material Properties
Temperature-dependent thermal conductivities of the thin layers (SiO and Cu) and Si substrate are extracted from the Material Property Database [39] . The temperature-dependent electrical resistivity of bulk copper [34] is used for the thin copper lines. This approximation is justifiable because the copper thickness of 500 nm is much greater than the mean free path of the conduction electrons in this simulation. The mean free path is generally of the order of several hundred angstroms at room temperature [40] .
C. Spatial and Depth Distribution of Energy Dissipation of the Incident Electrons
To estimate the spatial and depth distribution of energy dissipation of an incident EB, a freeware of the Monte Carlo simulation program CASINO [41] was used to simulate the electron trajectory in the multilayer structure. In the simulations, the accelerating voltage of the primary EB was 30 keV and its beam diameter was 5 nm. Fig. 8(a) shows a typical Monte Carlo calculation of the electron trajectory in the multilayer specimen by using CASINO. Based on this electron-solid interaction volume, the energy transfer volume in the specimen may be approximated as a cone, as shown in Fig. 8(b) .
The stopping energies of the electrons at the interfaces are shown in Fig. 8(b) . This stopping energy is the minimal electron energy at which a trajectory is terminated. Hence, the estimated energy absorption by the various layers can be obtained as the difference of these stopping energies at the respective interfaces. The estimated energy absorption by the first SiO layer, the Cu layer, and the second SiO layer is 1.33, 3.17, and 1.90 keV, respectively. Note that the void in the specimen was assumed to be a vacuum, which will not absorb energy when an EB is heating the specimen.
In the modeling, 10% of the incident EB is assumed to flow through the Cu metal line. This 10% is estimated from the solid-beam interaction volume within the metal line, and hence, it represents the maximum amount of absorbed current in metal line. In fact, the exact amount of absorbed current is not important, because its effect on is insignificant compared with that due to EHB, as can be obtained from the simulation. The ratio of the current change due to the absorbed current to that due to EB heating is only about 0.1% when the absorbed current is assumed as 10% of the primary EB. For a lower percentage of the absorbed current, the ratio will be even smaller.
IV. SIMULATION RESULTS AND DISCUSSION
A. Temperature Contour in Cu Line
Temperature contours of the Cu line, with and without voids, are compared in Fig. 9(a) and (b) when the EB is incident at node (0, 0.5) in Fig. 6 assuming the ambient temperature of the metal line is 298 K. One can see that the maximum temperature in the line with void (319.188 K) is about 7 K lower than that in the void-free case (326.068 K). The difference in temperature between these two cases is mainly attributed to the lesser energy absorption in the line with void. Fig. 10 shows the maximum temperature in the line with void with respect to the location of the incident EB. It can be seen that the curves in Fig. 10 are symmetrical about m. The closer the EB to the center of the void, the lower the temperature of the metal line, hence, higher current is expected due to the lower resistance, as shown in Fig. 11 . The highest current could be detected when the EB reaches the center of the void.
B. Maximum Temperature and Current During EB Scanning
C. Void Reconstruction
Let us now apply the theoretical consideration in Section II to analyze the current change in Fig. 11 . Fig. 12 illustrates the current change in terms of the phases for the square void when the EB is scanning along direction at m. In Phase 1, equals zero because there is no interaction between SBIV and void. Therefore, the current change is solely caused by impedance of heat transmission and its gradient is negative (16) . As the SBIV begins to enter into the void region in Phase 2, is no longer zero, making the gradient become positive. In Phase 3, the void volume covered by the SBIV is unchanged, thus is a constant and . For the case of Phases 4 and 5, due to the symmetry of the structure and the antisymmetry of the EB scanning action, the in these two phases will be opposite to that in phases 2 and 3, respectively. If we look at Fig. 1 in more detail, the distance that the EB travels in Phase 2 (from B to C) is equal to the void size . Therefore, the void size could be identified from Fig. 12 exactly by analyzing . The square void studied above assumes full penetration of the void through the thickness of the metal line. In practice, it is common that a void extends only partially through the thickness of a line. It is reasonable to expect that both the void size and void depth may affect the pattern and magnitude of the curve. Fig. 13 shows the simulation results for square void of 400 nm 400 nm in size with 1/3, 2/3, and full penetration through the thickness of the metal line. It can be seen that the magnitude of the maximum current change is proportional to the void depth, and hence, the void volume. This is easily understood because a deeper void (i.e., larger void volume) leads to less energy absorbed by the metal line during EBH around the void, as compared with the EBH of a perfect metal line. Higher temperature variation is thus achieved during EBH around the void. Further investigation has shown that the void volume, void size, and equivalent void depth could be extracted, as is elaborated elsewhere [42] . Hence, a three-dimensional void in passivated metal interconnects could be reconstructed in principle using this method [43] .
To obtain the void shape from the raw data of in Fig. 11 , a basic image processing procedure is employed. The image of for the square void (shown in Fig. 6 ) is plotted in Fig. 14(a) . The white zebra lines are deliberately added in the image to show the void shape and location. It is found that there is much difference between the image and the square void. If, on the other hand, the image of for the square void is plotted instead, we have Fig. 14(b) . A coupled square-like shape, similar to the centered zebra-lined square void is observed. The symmetrical images of the squares are a reflection of the symmetrical characteristic of , where Phases 4 and 5 are mirror symmetry to Phases 2 and 1, respectively. With some image processing, the image of can be made to be close to the zebra-lined shape, as shown in Fig. 14(c) . Therefore, both the void shape and location could be identified. The blur image along the direction is due to the finite size of the SBIV. For example, when the EB is scanning at m, there will be overlapping of the SBIV with the void. Hence, partial void information will be contained in the at m even though the void does not extend to m. Further refinement is underway. Simulation is also performed on a square void as small as 50 nm. Fig. 15 shows that measurable current alteration can be achieved even with such a small void size. 
D. Thermal Void Growth During EB Heating
As the technique relies on EBH, possible void growth due to this heating could distort the void shape and size. In order to demonstrate the effect of heating on void growth, thermomigration in copper line during EB inspection is analyzed. The temperature distribution and its gradient, extracted from the finite-element modeling, are used to estimate the thermomigration.
The thermomigration can be expressed as [44] 
where quantity of heat flow needed to maintain steady-state conditions with unit mass transport [44] (for copper, it is equal to 2.77e-8 pJ [45] ); absolute temperature of the metal line; copper atom concentration, equal to 8.44e28 m ; Boltzmann's constant; diffusivity of copper atoms in copper polycrystalline line. is given by (18) where is the apparent value of at infinite temperature, which is equal to 0.84e-5 m /s for copper [46] and is the activation energy for copper thermomigration, which is equal to 1 eV [47] .
The first term on the right-hand side of (17) can be ignored because copper atomic concentration in the line can be assumed as uniform. Thus, (17) reduces to (19) computed using (19) , is found to be about 6.46 10 s . Since the EB remains on a spot for about 1 s, the percentage change in the copper atomic concentration due to this induced thermomigration is only about 6.46 10 %, a value that can be neglected. Thus, the void growth caused by electron heating during beam scanning can be ignored.
E. Application of the Methodology to Real Voids
The above results were based on a square void. However, wedge and slit voids are the most frequently observed morphology in metal lines with polycrystalline [48] and bamboo structures [49] , respectively, during electromigration tests. Therefore, simulation was also performed to study the possibility of identifying such void shapes based on our technique.
Following the procedures described above for the square void, the final images for wedge and slit voids are shown in Fig. 17(a) and (b) , respectively. The void boundary is clearly visualized. In fact, since the gradient contrast across the void interfaces is expected despite the geometrical sophistication of the voids, the method is expected to enable visualization of void of any shape.
V. CONCLUSION
A method was proposed to rapidly locate small voids for deep-submicron metal lines. In this method, the embedded metal line was connected to an external circuit. The metal line was also biased by a small external voltage. The current flow in the metal line was monitored during EB scanning of the specimen surface. The void information (location and shape) could be obtained from the gradient of the current perturbation. Simulation demonstrated the applicability of the technique, which is universal to detect void with any shape. Experimental validation of this simulation and refinement of the resulting void image is being undertaken.
